Background: The important property of the quantitative traits of model organisms is time-dependent. However, the methodology for investigating the genetic interaction network over time is still lacking. Our study aims to provide insights into the mechanistic basis of epistatic interactions affecting the phenotypes of model organisms. Results: We performed an exhaustive genome-wide search for significant SNP-SNP interactions associated with male birds' body weight (BW) (n = 475) at multiple time points (day of hatch (BW0) and 1, 3, 5, and 7 weeks (BW1, BW3, BW5, and BW7)). Statistical analysis detected 67, four, and two significant SNP pairs associated with BW0, BW1, and BW3, respectively, with a significance threshold at 8.67 × 10 − 12 (Bonferroni-adjusted: 1%). Meanwhile, no significant SNP pairs associated with BW5 and BW7 were found. The SNP-SNP interaction networks of BW0, BW1, and BW3 were built and annotated.
Background
Epistatic interactions (non-linear interactions between segregating loci) are gaining attention in contemporary biology, yet their role in the genetic architecture of quantitative traits is still obscure and controversial. Studies on fruit fly (Drosophila melanogaster), yeast (Saccharomyces cerevisiae), mouse (Mus musculus), thale cress (Arabidopsis thaliana), maize (Zea mays), and human (Homo sapiens) demonstrate that epistasis is pervasive and is an important factor in determining the variation of quantitative phenotypes [1] [2] [3] [4] . On the other hand, in the past 15 years, thousands of genome-wide association studies have reported numerous single SNP loci that exhibit significant additive effects; however, especially for quantitative traits and complex diseases, the results were challenged for missing heritability. A typical example is human height, which is a classic quantitative trait with an estimated heritability of about 80%, and has been associated with more than 700 SNP loci, which, however, explain only about 20% of heritability [5, 6] . Geneticists have postulated that identifying epistatic interactions between SNP loci would be a reasonable way to explain heritable variance [7] . Some studies have clarified this idea, including the study by Zuk et al. that demonstrated that a large part of the missing heritability of Crohn's disease could be due to genetic interactions [8] .
Carlborg et al. revealed that an apparently major locus for chicken growth belonged to a genetic network of four interacting loci, which indicates that epistatic interactions between genes (or quantitative trait loci) were important for quantitative traits in chicken [9] . Furthermore, our previous studies also detected epistatic interactions and demonstrated that they could affect the variation in chicken phenotypes [10] [11] [12] .
In the current study, we focused on the body weight of chickens whose phenotypic data could be analyzed as a series of data points (i.e. time series). The chickens' lifespan was divided into four equal periods of 2 weeks. The body weight at five time points was selected as a phenotypic value. Significant SNP-SNP interactions associated with the body weights at different weeks (BW0, BW1, BW3, BW5, and BW7) were detected with an exhaustive genome-wide test. Next, the SNP-SNP interaction networks were built and annotated. Our results provide further insight into the genetic network that controls body weight in chickens.
Results

SNP genotyping and phenotypic values
After quality control, the following was included in this study: a total of 48,152 SNPs on 28 autosomes, the Z chromosome, linkage groups, and 672 SNPs not assigned to any chromosomes in chickens (Table 1) . Finally, 48,034 SNPs with chromosome position information were filtered for the interaction analysis.
Phenotypic descriptive statistics for body weight are listed in Table 2 . The body weights exhibited no significant differences between the lean and fat lines, so we mixed the two lines into one group for the interaction tests. The correlation coefficients between the different body weights of different weeks were calculated in the combined population (Table 3 ). The correlation coefficient between BW0-BW7 was near zero (0.015), indicating that BW0 and BW7 are uncorrelated, which was the minimum in Table 3 . The correlation coefficients between BW0-BW1, BW1-BW3, BW3-BW5, and BW5-BW7 steadily increased and exhibited high values between 0.65-0.69.
Epistatic analysis of body weight
MatrixEpistasis [13] is an ultrafast method that performs an exhaustive epistatic scanning for quantitative traits with covariate adjustment, and was applied to the interaction tests. With the significance threshold of 8.67 × 10 − 12 (Bonferroni-adjusted: 1%), 67 (Table 4) , four (Table 5) , and two (Table 6 ) statistically significant SNP pairs associated with BW0, BW1, and BW3 were detected, respectively, with no replicated significant pairs. There were no SNP pairs with a p-value smaller than the threshold in BW5 and BW7.
SNPs' interaction networks
The SNP-SNP interaction network of BW0 is constituted of separated subnets, and the subnets containing more than three nodes are shown in Fig. 1 . The SNP epistatic interaction network is approximatively 'small world' and scale-free, both major topological features of interaction networks in biology. 'Small world' means shorter paths and independent subnets, resulting in dense local neighborhoods of genes that interact with each other [1] . The results of gene-gene interaction will be inferred in the next step. The scale-free property of networks implies that Gga_rs14184594 is the hub locus with the maximum degree. 
Annotation of SNP loci and SNP-SNP interaction networks
In total, 401 genes and 41 microRNAs were annotated to the BW0 network. Furthermore, 25 genes and one microRNA were annotated to the BW1 network and 19 genes and one microRNA to the BW3 network (Additional file 1: Table S1 , Additional file 2: Table S2 and Additional file 3: Table S3 ). The interaction network feature analysis was applied to the BW0 network, because the interaction network size and topology structure of BW1 and BW3 were small and apparent. The significant interaction SNP-SNP pairs contain 80 single SNPs in which 30 SNPs are located in the Z chromosome. Observing the annotation information indicated something interesting. Many SNPs from the same subnet are neighbors, concentrating in the same region. Therefore, we adjusted the spatial position of SNPs in Fig. 1 , placing SNPs closer together if they were in the same region. All the subnets include SNPs from the same region, except SubNet_8 and SubNet_9. The phenomenon enhanced the reliability to infer that SNP-SNP interactions would be the result of gene-gene interactions in the correspond regions. For example, the cross lines in Subnet_1 accounted for the interactions between chr19: (3,823,581, 5,935,922) and chrz: (65,912, 281, 67,063,604) and chr19: (1,728,331, 3,504,813) and chrz: (65,912,281, 67,063,604), which would be the signal of the gene set (INIP, GNG10, SMC2, PTGR1, TXN, MUSK, LPAR1) on the Z chromosome interacting with the gene set on the chromosome 19 (CUX1, PRKRIP1, ORAI3 et al.). Furthermore, SubNet_2 claimed the gene set (GLDC, TYRP1, MPDZ, NFIB, ZDHHC21, CER1, PSIP1) on the Z chromosome interacting with the gene set (IGFBP1, IGFBP3, TNS3, SLC12A7) near the hub SNP on the chromosome 2. All the inferred gene set interactions are shown in Table 7 . However, the annotation would generate a gene set in each region, thus we could conclude the interaction existing between gene sets, whereas the point-to-point interactive relationship could not be provided.
The interaction effects could be detected in the same or different chromosomes. SubNet_3 and SubNet_4 indicated that the interaction effect could happen within the same chromosome. Furthermore, SNPs in SubNet_4 were all in the same region, neighborhood genes interacting with each other. Other SubNets all illustrated that the interaction effects were present in different chromosomes.
Eight gene ontology terms were significantly enriched, including chromosome, nucleus, phosphoprotein, acetylation, DNA-binding, nucleosome, nucleosome core, and histone H5 (Additional file 4: Table S4 ). Five pathways were significantly enriched, including the calcium signaling pathway, focal adhesion, ECM-receptor interaction, melanogenesis, and oocyte meiosis (Additional file 5: Table S5 ).
Discussion
To our knowledge, this study used a novel approach by detecting the interaction effects that affect the quantitative traits of phenotype variation at multiple time points with SNP data. Based on the recognition that phenotypic data continuously changes, which is a key feature of quantitative traits, we assessed the similarity of the genetic network of quantitative traits at different periods. Many studies have evaluated interaction effects; however, no studies have assessed whether the genetic networks are time-dependent. Our study has demonstrated that genetic networks are time-dependent, contributing to our understanding of this field.
Chicken (Gallus gallus) is a vertebrate, a model organism, and agricultural species, and its body weight is a typical quantitative trait that can be easily measured. Broiler body weight's heritability in males ranges from 0.29 to 0.37 [14, 15] , a medium to high level. In the experimental population of this study, body weight's heritability in males ranged from 0.28 to 0.53. Thus, broiler body weight is a suitable quantitative trait for detecting interaction effects and determining the features of genetic networks.
The male body weight data used in the study were derived from NEAUHLF, a broiler line. Although the resource population contains both the lean and fat lines, we decided to use all the samples in the current study. The decision was based on the selection of population, birds breeding, and phenotypic value's statistical character. To be specific, the two lines had to come from the same grandsire line and be raised under the same environmental conditions. Body weights of male birds in the second hatch were considered. As a result, body weights did not exhibit significant differences between the lean a GGAF = The first chromosome in the pairwise epistasis analysis; GGAS = The second chromosome in the pairwise epistasis analysis; P-value = P-value of the effect being tested and fat lines ( Table 2 ). More importantly, larger sample numbers improve the interaction test power. We performed the test in the lean and fat lines separately, yet no significant SNP pairs were detected. Thus, the phenotypic values were not divided according to the line.
In the previous study, pair-wise interaction effects associated with important traits in chickens have been identified by the EPISNP3 module in epiSNP_v4.2_Windows software package [12, 16] . However, no significant epistatic interactions affecting body weight (BW1, BW3, BW5, and BW7) were detected. In the current study, we focused on bird's body weight. From day of hatch to 7 weeks, the phenotypic data contained five time points, which were treated as time series data. Furthermore, the new method MatrixEpistasis, which can remove confounding bias through covariate adjustment, was used [13] . Population genomic stratification might occur in the long-term artificially selected population due to selection pressure. MatrixEpistasis can handle this bias and offers another advantage of ultra-computational speed, the critical factor for SNP-SNP interaction mapping at the genome-wide level. With the new method, we found some interesting results.
Testing multiple hypotheses caused that the significance threshold p-value (8.67 × 10 − 12 , Bonferroniadjusted: 1%) was far smaller than 1%. The significant test results heavily depended on the arbitrary significance threshold. Although some effects were thus ignored, the strict threshold enhanced the confidence of our results. With the strict threshold, the detection results showed that the interaction effect was completely different at different time points. This suggests that the time point is an important factor in the quantitative trait interaction test. It is easy to determine the interaction effect on the day of hatch, whereas it is difficulty at 5 and 7 weeks. This demonstrates that the cooperation between genes is closer in the early weeks than later weeks. From the perspective of data driving, the correlations between the body weight at BW0 and other weeks were relatively small, which can partially explain the different results. Furthermore, the results indicate that the genetic regulation networks are different at different time Fig. 1 Epistatic SNP-SNP interaction network of birthday body weight (BW0) in NEAUHLF. One node represents one SNP whose name and chromosome number are shown in the rectangle. Significant SNP-SNP interactions were connected by the edge points. Carlborg et al. [17] have found a similar conclusion in chicken. Many SNP positions on the chromosome are neighboring in the SNP-SNP interaction network. We suggest it should be the signal of gene-gene interactions in the corresponding regions.
In this study, we detected 55 regions on 17 chromosomes. Based on the literature, some genes are associated with body weight; for example, IGFBP1 is associated with body weight in the Jinghai Yellow chicken [18] . MuSK was abundantly expressed in the muscle of early-stage fowl embryos [19] . ADCY5 is related to obesity in men and mice [20] . PHKG1 is important in pig skeletal muscle [21] . We identified five pathways related to body weight. The focal adhesion signal pathway plays an important role in the development of chicken muscle [22] . The focal adhesion and ECM-receptor interaction signal pathways are related to intramuscular fat content [23] . In addition, numerous genes are associated with human complex diseases, such as ATP2A3 [24] , ITGA1 [25] , and THBS4 [26] .
Linkage disequilibrium and quantitative trait locus information were not introduced in this study, because linkage disequilibrium testing is not correlated with epistatic interaction tests and gene-gene results are usually more accurate than quantitative trait locus interactions. In fact, gene-gene interaction results were based on the Table 7 Gene sets interaction inferred from the network of BW0 SubNet Gene set A  Gene set B   1  CUX1, PRKRIP1, ORAI3, RASA4, YWHAG, HSPB1, POR, RAD51D, RFFL, LIG3,  CCLI5, CCL1, CCAH221, MRPS17, NIPSNAP2, PSPH, CCT6A, PHKG1, CHCHD2,  VKORC1L1, GUSB, ASL2, ASL1, CRCP, KCTD7, NCBP3, CRK, YWHAE, MYO1C,  INPP5K, SERPINF1, SMYD4, RPA1, DPH1, HIC1, POLDIP2, VTN, SLC46A1,  ALDOC, TLCD1, FAM222B, ERAL1, FLOT2   INIP, GNG10, SMC2, PTGR1, TXN, MuSK, LPAR1   1  CUX1, PRKRIP1, ORAI3, RASA4, YWHAG, HSPB1, POR, RAD51D, RFFL, LIG3,  CCLI5, CCL1, CCAH221, MRPS17, NIPSNAP2, PSPH, CCT6A, PHKG1, CHCHD2,  VKORC1L1, GUSB, ASL2, ASL1, CRCP, KCTD7, NCBP3, CRK, YWHAE, MYO1C,  INPP5K, SERPINF1, SMYD4, RPA1, DPH1, HIC1, POLDIP2, VTN, SLC46A1 gene sets, and the actual gene-gene interactions could be verified by biological experiments.
In the future, more research will be needed to better understand the genetic network of quantitative traits.
Conclusions
The interaction effect is most active on the day of hatch, after which the effects decline, and by 5-7 weeks the effects are hardly detected. No significant SNP pairs recurred at different time points. Our study demonstrated that the genetic interaction network of chicken body weight is time-dependent and the epistatic interaction effect is dynamic. For the first three time points, the interaction networks indicated that SNP-SNP interactions were concentrated in some special regions on the chromosomes, which were the results of gene-gene interactions. To our knowledge, we are the first to describe and summarize the significant interaction effects that affect chicken body weight variation.
Methods
Experimental population
A total of 475 male chickens derived from the 11th generation population of the Northeast Agricultural University broiler lines divergently selected for abdominal fat content (NEAUHLF) were used in the study.
The G0 generation was selected in 1996 and came from the same grandsire line, which originated from the Arbor Acres broiler. According to their plasma very low-density lipoprotein (VLDL) concentration at 7 weeks of age, the G0 birds were divided into two lines, the lean line and the fat line. For each line, 25 half-sib families, with an average of 70 G1 offspring per family in two hatches, were produced by mating the G0 birds (one sire: four dams). From G1 to G11, the birds were raised in two hatches. Abdominal fat percentage (AFP = abdominal fat weight/body weight, measured at 7 weeks of age) of the male birds in the first hatch was used as the artificial selection criterion for NEAUHLF. The families' sib birds, with lower (lean line) or higher (fat line) AFP than the population's average value, were selected as candidates for breeding, taking into consideration the plasma VLDL concentration, the body weights of male birds in the second hatch, and the egg production of female birds in both hatches. G11 contained 203 chickens in the lean line and 272 chickens in the fat line.
All the birds were fed with a corn-soybean-based diet that met all National Research Council (NRC) requirements and were raised under the same environmental conditions with free access to feed and water. From hatch to 3 weeks of age, the birds received a starter feed (3000 kal ME = kg and 210 g = kg CP). From 4 weeks of age to slaughter, the birds were fed a grower diet (3100 kal ME = kg and 190 g = kg CP).
The birds were weighed at day of hatch and at 1, 3, 5, and 7 weeks of age [11, 12] .
SNP genotyping and phenotypic values
Genotyping was carried out using chicken 60 K SNP chip (57,636 SNPs) manufactured by the Illumina Inc. (San Diego, CA). Monomorphic or minor allele frequencies (< 5%) loci were filtered out. Individuals whose missing SNP genotypes were ≥ 5% were removed. After quality control, SNPs with chromosome position information were selected for the interaction analysis. Phenotypic values were analyzed with descriptive statistics. The correlation coefficients of body weight among different weeks age were calculated in the combined population.
Genome-wide pairwise interaction analysis
The method for detecting the interaction effect was implemented in R and is available at https://github.com/ fanglab/MatrixEpistasis. The statistical model was:
Where α is the overall mean of the quantitative phenotype; β 1 / β 2 , β 3 and γ v are the regression coefficients for the main genetic additive effect, interaction effect, and covariates, respectively, and ε is a normal variable with zero mean and ξ 2 variance [13] . In this model, the phenotype has both main genetic additive effects and covariates adjusted, and the size of the interaction effect is the regression coefficient β 3 . Therefore, the hypotheses are H 0 : β 3 = 0 and H 1 : β 3 ≠ 0; the tests of interaction correspond to testing whether the regression coefficient β 3 equals zero or not.
MatrixEpistasis [13] was used to identify pairwise (two-dimension, SNP-SNP) significant epistatic interaction effects affecting body weight variation. The significance threshold was set at 8.67 × 10 − 12 (Bonferroniadjusted: 1%).
SNP-SNP interaction network
The plots illustrating the SNP-SNP interaction networks with the significant epistatic effects for chicken body weight were drawn with the Cytoscape 3.7.0 software package [14] . The detailed network analysis was mainly applied to the BW0 network, and the BW1 and BW3 networks were sketched, because they were obvious and apparent.
Annotation of the SNP-SNP interaction networks
For annotating genes to the interaction networks, a 1 Mb length region was designated for each SNP, 0.5 Mb upstream and 0.5 Mb downstream. The regions were merged if the distance between SNPs was < 1 Mb. Genes overlapping the regions were retrieved from UCSC (https://genome.ucsc.edu/) (Galgal5). Genes in the same region were put together (the so-called "gene set"). Gene interactions in gene sets were deduced if the significant SNP pairs were located in the corresponding regions.
Functional annotation of genes was performed by DA-VID bioinformatics resources 6.8 (https://david.ncifcrf. gov/home.jsp) for gene ontology terms. KOBAS2.0 [27] was used for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The significance threshold was set to the corrected p-value < 0.05.
